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When an undisclosed recycled fiber mill installed a “two-slotted” curtain coater to
replace their air knife coater, a prominent defect arose known as “pitting,” which is also
called pinholing or cratering. Pitting occurs when the coating of the sheet has small holes
that mar its surface, which, when clustered together or larger in size, can cause print breakup during the printing process.
Through research, pitting is known to be caused by a boundary layer of air that gets
laterally pulled in between the coating and board during their initial contact. Thus,
rheological properties and the surface tension of the curtain coating formulations will be
evaluated and then manipulated in two different trials in order to promote better wetting
capabilities. In one trial, starch was added to the formulation in order to promote
rheological healing properties, increase the viscosity, and advance water retention
capabilities of the coating. In another, the surfactant content in the coating formulations
was doubled from 0.3 parts to 0.6 in order to decrease surface tension.
Statistical results revealed that pitting significantly decreased in size during starch
trials, with promoted water retention and rheological properties. The increased surfactant
level trial resulted in lower static and dynamic surface tensions, but the pitting remained
unaffected. Thus, water retention and rheology seem to be the important factors in
alleviating pitting through coating formulation modifications.
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CHAPTER I
INTRODUCTION
The utilization of recycled paperboard within the packaging industry creates
a competitive need to continuously improve production, by finding advancements to
create a superior product in a time and cost effective manner. These engineering
capabilities assist in manipulating production while maintaining quality, trialing
new applications to promote the highest optimization for the paper machine.
Changes can be made at all parts of the process, from source of fiber to the coating,
to actual machinery installations as new modifications are developed. It is an ever
changing, developing industry, which does not have the means for complacency.
The aim of this thesis is to focus on a coating (and board) related defect
known as, “pitting” or “pinholes,” which causes an abnormal surface of the board
that will not print. This issue occurs at an undisclosed recycled fiber plant, called
“Mill X” in this paper who have been troubleshooting this issue since their air knife
coater was replaced by a DF curtain coater in 2014. In order to strategically fight
pitting, theories must be formulated to help understand the mechanisms behind the
defect, and then, using DOE (Design of Experiments), one can further support these
theories by statistical analysis of what main effects and interactions lead to higher
pitting numbers. Trials will be proposed, with the help of the mill’s engineers and
vendors, to see if pitting can be decreased, and eventually eliminated.
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CHAPTER II
BACKGROUND INFORMATION

Recycled Fiber / Recycled Mill
Recycled fiber is also known as secondary fiber, which is defined as any
fibrous material that has already undergone a manufacturing process and is being
recycled as the raw material for another manufactured product (1). This “waste
paper” utilization is growing within the paper industry, due to its cost-effectiveness
and its promotion of environmental sustainability, which is further driven by
government legislation that tries to reduce landfill loadings and lessen dependency
on forestry (1). The recycled fiber is generally going to be from paper or paperboard
product of local supply (such as recycling plants, curbside pick-up, and grocery
stores (i.e. Meijer)), which the mill contracts for a comparatively low price. There
are currently various grades of waste paper available to mills, which are chosen as a
pulp source depending on the desired outcome; for example, the top liner of the
sheet usually gets the superior stock, since it will be the coated side (that is printed
on), which requires the highest visual standard, but the filler and backliner are also
important, and must pass certain standards of the mill.
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Recycled Fiber- Considerations Before Use
Recycled mills face many issues comparatively, due to lower quality
furnishes and higher quality demands, which they combat through mechanical and
process improvements and modification to the coating formulation (2). Recycled
stock comes in large bales, which are brought to the mill containing rejects such as
glass, plastic, and metals, which must be filtered, screened, and cleaned out. There is
also a concern of the former use of the recycled fiber; some fibers may include
contaminates, such as laminates, wax, glue, dyes, and of course ink (if it was
previously printed on). These contaminations can build up and either precipitate or
agglomerate at various points along the paper machine (1); this can lead to major
defects within the paper product, such as dirt or hot melts, which are impossible to
completely avoid. The difference of characteristics between the secondary fibers
and virgin pulp establishes a need to consider the recycled fiber as a distinct furnish
component with separate targets for cleanliness, freeness, degree of refining, etc.
(1). Most coating preparation is now completely automated, which helps keep the
product consistent, reducing variability in solids and viscosity, which may affect
coater runnability and cause imbalance between pigments and binders (2).
The end product will also not have as high quality as virgin fiber, and the
appearance and printability will be a concern; it, however, offers a sustainable
alternative, and does not seem to affect the runnability on press. Food grade
packaging must take extra care in ensuring quality of their paper and paperboard,
since certain properties, such as smell, becomes more of a priority within the
resulting product.
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A Brief Overview of Coating Application
There are many coating applications available within the paperboard
industry that offer double-sided or one-sided operations. Most coater designs
incorporate the following three features: 1) uniform application of color to the
entire paper surface, 2) metering the coating layer with controlled weight or
thickness, and 3) smoothing and evening the surface (1). These operations may
occur simultaneously or sequentially in any combination of orders, which will affect
the base sheet requirements and coating rheology (3). Coating is known to be one of
the most costly operations within the papermaking process, thus the method of
application is a focus of innovation to reduce industry budgets, while
simultaneously mitigating variations from new modifications.
The size press is a great example of innovation as an applicator; the initial
vertical model proved to have many limitations due to its design, and was soon
modified to run horizontal to reduce “two-sidedness” and increase machine speed
capabilities (4). When this created new operating problems, the inclined size press
was created, which is still the most common configuration today (4). Each step in a
coating applicator modification is to help enhance the paper machine performance
by allowing fewer defects and operating issues, while allowing for increased run
speed.
There are various applicators such as puddle, fountain, or jet, while postmetering coaters are popular within the paperboard industry; this includes blade,
rod, and air knife, which all apply an excess of coating, which are then metered and
distributed (3). When a mill needs to choose the optimal coating application for
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their process, there are a few critical considerations that are key components of any
coater, as summarized in Table 1 (4).
Table 1. Some Considerations when Choosing a Coating Application (4)

Dwell Time

Pressure

Sizing

Porosity of the Base Sheet

Moisture Content

Solids Content (of the coating)

This is the amount of time the coating is in contact with the sheet. A
longer dwell time produces a stronger sheet, and is synonymous with
slower speeds. It, however, is also known to promote roughness, with a
higher chance of mottle, due to applying a thicker wet film than shorter
dwell times. Furthermore, longer dwell time has capillary action, which
allows for the coating to penetrate the sheet, and it also tends to cause
binder migration, since the latex and starch within a coating can dry and
set at different rates.
Pressure deals with both the integrity and penetration of a sheet. It can
help to apply more coating, but it also tends to push the binder into the
sheet, and thus the binder demand will increase.
Sizing refers to the sheet’s resistance to penetration of liquids. Coaters
can apply sizing agents, or they will have to make adjustments for a
sized sheet in order to successfully coat the surface.
A more porous sheet will easily accept coating, but it’s also more
susceptible to having the coating penetrate the sheet; this will lead to
binder migration with the coating drying and setting at different rates. A
less porous sheet will be able to hold the coating at the surface of the
sheet, but the sheet may be more prone to coating skips since the sheet
will be less likely to initially accept the coating.
Very high moisture contents (>4%) of the base sheet will cause the
sheet’s pores to literally fill with water, and thus deter penetration of
coating and require more drying time. Lower moisture, or when the
sheet is too dry, will result in there being no pick-up of coating.
Affects the pick-up of coating by the sheet. Lower solids result in lower
pick-up, and higher drying energy needs due to added moisture or water
from the coating.

Temperature

Not only the temperature of the coating and sheet must be considered,
but also the added temperature from the paper making process in
general. Temperature can affect the way the coating is applied and
dried.

Viscosity (of the coating)

The coating viscosity must be known and determined to fit the
application and the speed of the machine. An increased fluidity (less
viscous) can help a coating to run at higher speeds.

Post-metering systems have positive and negative attributes, which can
define characteristic outcomes of the coating and board. Rod is popular within the
recycled board industry because it is continuously self-cleaned (less operational
demands), and does not streak nor scratch. A rod, however, creates not as smooth of

5

surface as a blade coater, which can apply more shear force. The blade, however, can
cause scratches and runs dirtier, since it cannot be cleaned or flushed, which means
it will demand more attention from operators to ensure a successful run. Both are
suitable for a “pre-coat” to help create a smoother surface of the paperboard. An air
knife is primarily used as a secondary, finishing coat since it is a contour coater,
which follows the peaks and valleys of a sheet, but works well for coverage. See
Figure 1 for a visual example of the difference of the coating applied by blade, rod,
and air knife (3).

The air knife has speed limitations, which has led to the

installations of curtain coaters (Figure 2) as a replacement system for air knife
contour coating.

Figure 1. Coating Lay vs Metering Method (3)
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Figure 2. Voith Curtain Coater (5)

The Curtain Coater
Curtain Coater in the Paperboard Industry
Contour coaters have become popular pre-metering systems due to their
non-contact method, which allows for faster speeds and an efficient, cost-effective
use of lower coat weights that provide superior coverage. This thesis is particularly
focused on the curtain coater as an emerging contour coating technology within the
paperboard industry. The direct fountain or DF curtain coater was introduced to the
paperboard industry in 2010 as an improved alternative to the air knife, and was
first installed by Voith in Austria (6). The air knife was limited to maximum speeds
up to 550 m/min and maximum solids of a low 42%, with only moderate coverage
and costly operational impairments of frequent breaks and necessary cleaning
intervals (6). The curtain coater enabled increased machine speeds, fewer breaks,
superior coverage (less pigment demand), and higher solid content of 62-64% (7).
These beneficial characteristics, paired with the contour coater’s ease of operation,
optimum CD and MD coat weight profiles, and less wear due to its non-contact
method, make it an optimal choice within the industry. It will in turn require less
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drying energy and allow for a wider range of lower coat weight capabilities,
reduction in energy consumption, and lower fresh water demands (5). There is also
less demand on the base paper strength, thus it can coat less expensive fibers,
boasting an overall maximization of recycled fiber (8).

Introduction and Design
Curtain coating is a process arranged to apply an uninterrupted vertical thin
screen of fluid, which continuously flows and impinges on a substrate that is
simultaneously being pulled at a regulated speed by a horizontal web. This works
through a high-precision die, which is installed at a distance of several centimeters
above the web, and allows coating to exit out of the die as a free-falling curtain,
resulting in structure-less, continuous, and even coating (9). The coat weights are
then regulated and controlled by the curtain’s flow rate and the speed of the web.
There are two die designs (10) - slide-fed and slot-fed (Figure 3) - which are
both able to coat wet-on-wet. Slot-fed is usually installed to distribute a single layer
or two coating layers, while slide-fed is more unlimited, coating multi-layers in one
pass (10). In multilayer slot-fed coatings, liquids in distribution chambers are forced
out of individual slots to either merge in an internal manifold (11), or deposit
directly on the web in separate layers (12). These layers will seem to ride on top of
one another (12). In contrast, a slide-fed design forces coatings out of individual
slots/nozzles into a cavity, which are laterally distributed and then flow down a
slide to form stacked layers. These layers then flow between the die lip and the web
before being deposited on the substrate (12). Overall, a multilayer coating offers

8

Figure 3. Slide Die (Left) and Slot Die (Right) Schematic Diagram (10)

several advantages over a single layer, including: lower capital costs, flexibility in
coating design, wide operational latitude in terms of coating rheology, and
avoidance of issues such as heel formation and air entrainment (8). New dies are
continuously being designed in order to optimize curtain stability and operability,
with different flow properties (11).

9

Figure 4. Critical Flow Zones of a Curtain (13)

Curtain Flow and Stability
A curtain coater run (13) can be divided into three critical flow zones (Figure
4); A. the sheet- forming zone, when the liquid curtain is formed and falls from the
die, B. the curtain-flow zone, when the sheet of liquid accelerates and approaches a
pure extensional flow, and C. the impingement zone, when the curtain impacts the
moving substrate, abruptly changing direction, displacing air, and terminating in a
dynamic wetting line (13). There are three specific equations, which quantify critical
flow characteristics of a curtain, which are used to understand and predict a
curtain’s runnability, which is highly susceptible to conditions of an operation; these
equations help to compute curtain velocity, the flow behavior of the falling curtain
(Reynolds number (Re)), and overall curtain stability (Weber’s number (We)) (14).
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Curtain velocity can be approximated by (14):
vc = vo + √(2 g x)

(1)

vc = speed of curtain, after it exits the nozzles and accelerates
vo = exit velocity of the curtain
g = gravity constant (9.80665 m/s2)
x = distance the coating drops (from nozzle opening to substrate)

Flow behavior of the falling curtain can be expressed by Reynolds number (14):
Rec = (ρ hc vc)/ η

(2)

ρ = density of coating
hc= curtain thickness
vc = curtain velocity

η = viscosity of coating

As the curtain falls and accelerates, it becomes thinner and more susceptible to
turbulence; Weber’s number can predict curtain stability (14):
We = (ρ hc vc 2)/ σ

(3)

σ = dynamic surface tension
It is known that a Weber’s number (We) greater than 2.0 will provide curtain
stability. (13) Also, it is of importance that the fluid’s energy per unit area (ρ hc vc 2),
is transferred to the boundary in order to wet properly. Thus, the force per unit
length (equivalent to energy per unit area) ρ hc vc 2 must be greater than twice
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(because the curtain has two surfaces) the surface tension 2σ (15). Knowing an
accurate estimation of these curtain components allows for a smoother initial
installation, and will help to understand the coating itself, perhaps providing further
insight into necessary coating formulation modifications. Practical experience has
led to another two conclusions: volumetric flow rate per width should be above a
minimum of ~1.0 cm2/s and the surface tension needs to be below a maximum of
~40 mN/m (14). It has also been noted that a higher nozzle height resulted in
improved curtain stability and superior coverage, resulting in a higher Weber
number; higher curtain height is known to increase curtain velocity and available
surface age (16).

Coating Formulations
Paper coatings are “aqueous dispersions", usually ranging in total solids from
50% to more than 70%, with pigments composing the majority of the formulation
(from 70-85%, Figure 5) (1). Besides pigments, a coating also contains binders, and
additives, which are all selected based on the desired properties of the sheet or the
demands of the production process. Since recycled fiber is too inconsistent to
manage, a mill will heavily depend on the coating formulation to help alleviate as
many defect/issues as possible.
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Figure 5. Typical Coating Formulation Make-Up (17)

Pigments
Pigments of a coating are used by a papermaker to: 1) Improve the surface
appearance of a substrate, 2) Smooth the surface profile of a substrate, 3) Control
the permeability of the surface, 4) Improve the print quality of the finished product
(18). Common pigments for coatings include: Calcium Carbonate (CaCO3), Clay,
Titanium

Dioxide

(TiO2),

Talc,

and

Plastic

Pigments.

The

main

properties/characteristics of each are outlined in Table 2 (18).
Table 2. Pigment Profiles (18)
Pigment
Calcium Carbonate
(CaCO3), (GCC (ground) and
PCC (precipitated))
Clay
(Standard, Delaminated, and
Calcined)
Titanium Dioxide (TiO2)
Talc

Plastic Pigments

Profile
Varies in shape, which allows for more porosity and added
brightness. It's also known for its optimal coverage, high solids,
and low drying demands, all which will offer an optimal print
quality of an end-product.
Widely available in the USA, it is the cheapest and most utilized
pigment within the industry. Its plate-like structure allows for
smoothness, good coverage, and gloss. Naturally bonds with
water, allowing for ink receptivity and holdout during printing.
Very expensive, with the highest refractive index and highest
density of any pigment. It's known for its opacity brightness
properties.
A soft plate-like structure, allows for smoothness, gloss, and
compressibility. Therefore, it is great for gravure and offset
runs, allowing for less missing dots.
Used in lieu of TiO2 because of its opacity. This man-made
product has a hollow body, which allows for better brightness,
coverage, and bulk, without the added weight (low density). It
has superior strength qualities.
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Binders
Binders such as starch, proteins, and synthetic polymers, are then added to
help cement the pigment particles to each other and to the surface of the paper or
paperboard (1). Binders are typically added at low levels (~15-20%), since they
tend to cause issues at higher amounts, such as decreasing light scattering
capabilities of the coating (1). It is more cost-effective to pair natural and synthetic
binders together (19), but they all have different properties that affect the end result
of the coating; Table 3 gives a broad summary of key advantages and disadvantages
of basic natural (starch and protein) and synthetic binders (latex) (19,20). (Note
that there are subcategories of each type, and this is not a comprehensive list.)
Table 3. Overview of Binders (19,20)
Advantage

Starch (Natural)

Protein (Natural)

Latex (Synthetic)

"Green" and cost-effective. rheology
modifier through its ability to
increase water retention
(hydrophilic), and high shear
viscosity. Promotes print gloss and
stiffness.
Strong and bulky, with its structure
allowing for increased opacity and a
more 'open coating.' Blister resistant
and offers some (not a lot) water
retention capabilities
Synthetic binders can manipulate as
needed to control outcome. Great
film formers, with better runnability
and print outcome.

Disadvantage
Water-soluble which can lead to wet
picking. High binder migration. Requires
biocides. Retrogradation occurs with starch,
and it is harder to control.
Must cook under alkaline conditions,
protein shock can occur. It's expensive and
is prone to spoilage. Has lower gloss and
brightness characteristics.
More expensive. Hydrophobic, so it will not
offer water retention and must be paired
with a starch or biopolymer. Some, like
Styrene-Butadiene (SB), have strong odors
and cannot be used with food packaging.

Additives
Besides pigment and binder, about 1-2% of a coating composition are
additives, which perform a variety of functions that are critical to the overall
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performance of a coating (17). Table 4 is an overview of popular additives and their
functions within modifying a coating’s outcome (17, 21).
Table 4. Summary of Coating Additives (17, 21)
Additive
Defoamers
Biocides
Runnability Modifiers
Crosslinkers
Optical Brighteners (OBA)
Lubricants
Dispersants
pH adjustment agents

Property
Reduce the amount of foaming
Kill microbes and bugs, which can help deter slime and odor
Help with water retention or rheology
Decrease water sensitivity of coating binders, added to help
stop resolubizing from occurring (coating fails during
rewetting)
Improves brightness of a sheet
Improves flow characteristics to reduce scratching. Reduces
cracking and dusting (increase coating flexibility), and
increases pick strength.
Used to keep pigment particles separated, increase light
scattering capabilities. Optimized sheet properties and
higher solids can be achieved.
Helps to shift the pH of a coating

The coatings at the mill are made in large batches (i.e. 8,000-10,000 lbs.),
through the use of computer systems that are able to meter a certain amount of each
ingredient into a large high viscosity mixer. The addition of each component and
mixing times are crucial, since the reaction and interaction can greatly affect that
outcome of the coating batch. It is generally understood that the order of addition is
as follows (17):
1. Pigments
2. Dyes, Defoamers, Dispersants, Rheology Modifiers (dry)
3. Synthetic Binders
4. Natural Binders
5. Additives (Lubricants, Rheology Modifier)
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6. Additives (Crosslinkers, Biocides)
7. pH adjustment agents

Paperboard Printing: Lithography
Lithography is the most chemically based of the conventional printing
processes used. The print is created by the relationship between an oleophilic (oilwet)

image

area

and

a

hydrophilic (water-wet) nonimage area, both on one planar
level of an image carrier. Thus,
the process is an application of
phase equilibrium and surface

Figure 6. Offset Lithography Diagram (22)

chemistry (23), relying on limited or controlled mixing of oil and water. A fountain
solution mixture is added to the water to further deter the oil from coming into the
non-image area, thus promoting ink repellency; this differs from the other printing
processes, and adds a considerable amount of extra moisture into the substrate.
There are two major types of lithography printing: web-offset (employing
low tack inks and dryer ovens at 300-450 F) and sheet-offset (employing high tack
inks, which dry through oxidation polymerization). Sheet-fed is economical for
shorter runs, while web-offset is only economical for longer runs due to its higher
machine speeds with multiple inking rolls (to reduce film thickness) (24).
Furthermore, lithography is usually an ‘offset’ or indirect printing process, meaning
that the image is first transferred to a blanket roller, which then prints the image
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onto the substrate. Thus, the image carrier does not have direct contact with the
substrate.
Paper properties can help deter these printing issues within the lithography
process. Water puts considerable demands on the substrate’s surface, thus water
and wet-pick resistance is necessary to avoid piling, milking, and related problems,
while water-binder interaction on the paper surface can affect ink hold-out (25).
Thus, water resistance or surface sizing will assist in counteracting the extra
moisture within the system and allow for better dimensional stability. In addition to
surface sizing, greater paper strength, particularly the z-strength, it is essential to
work in conjunction with the tackier litho ink (that act like quasi-solids under sheer)
to help with picking, hickies, linting, and fluffing (loss of surface fibers) (26).
Furthermore, absorption properties of the paper are extremely important. In
lithography, uneven absorption is the most common cause of print mottle (27),
which is thought to be the most offensive defect affecting printability. Thus, uniform
absorptivity and water / ink absorption balance will both help to deter mottling,
and it also decrease the chance of scumming and/or tinting (24). Lower absorption
rates also tend to give higher ink hold out on the surface of the paper, providing
higher ink gloss and sharper definition to the print (27). Moreover, smoothness and
gloss will lend to better printability, accepting ink and promoting ink and paper
gloss, thus deterring print mottle. Opacity is usually desirable for less show-through,
and porosity will promote better ink receptivity, ink setting, and tack build. Blister
resistance is an essential paper property for web-offset litho; the use of dryers
makes this a requirement due to running at very high temperatures. In one
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experiment, it was found that rate of heating, paper moisture content (amount), and
basis weight all affected the amount of blisters that would occur, while air
permeability could actually help decrease the chance of blistering (thus keeping
moisture low, and allowing a way for it to evaporate easily) (28). Thus, porosity will
also assist with the reduction of blistering.

Lithography Printing of a Pitted Surface
Pitting, also known as craters and pinholes, can be a prominent defect of
curtain coated boards Lithography requires a smoother surface for an optimal print

Figure 7. Litho Printing of a Pitted Surface (29)

outcome, and the pits act as divots, creating an uneven surface plane. The larger and
deeper the crater, or the higher concentration of pitting in general, the more areas
that are likely to be untouched by the blanket roller, thus having areas without ink
receptivity, remaining unprinted. It has been found that the tackier the ink, the less
likely that the pits are covered; samples with cyan and black ink coverage had more
visible print break-up due to pitting (ex. Figure 7 with cyan ink), than magenta.
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Lithography also offers a unique hurdle when it comes to printing pits:
fountain solution. Fountain solution already contributes to a lot of lithography’s
defects due to increased moisture; higher levels of moisture can lead to a decreased
ink absorption, delayed ink-setting, ink smearing, face-to-face set-off, and surface
ink collecting on path rollers (30). Through tests, it has been speculated that pits are
flooded by fountain solution, acting as literal cups for the chemistry, which further
deter ink receptivity within the defect. These areas of missing dots/ink lead to print
break-up or print mottle, causing the end product to look overly flawed, and
therefore unsellable. Since this defect is hard to print on (though not impossible),
the paperboard industry and coaters must examine the nature and mechanisms of
pitting to try to alleviate the defect in the papermaking process. The easiest way to
try to solve pitting, without large capital spending, is through the coating
formulation.

CHAPTER III
PROBLEM STATEMENT

In summation, a prominent defect arising within the paperboard industry is
pitting, which is sometimes called pinholes or craters. Pitting occurs when the
coating of the sheet has small holes that mar its surface, which when clustered
together or larger in size can cause print break-up during the printing process.
These irregularities within the sheet have trouble accepting ink, since 1) the pit’s
surface deviates from the overall surface of the sheet (lower), thus it does not
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contact the printing blanket, and 2) the pit acts as a cup, filling with fountain
solution during the printing process, thus deterring the acceptance of the
hydrophobic inks. This creates a problem within the industry, as customers are
unable to use the board, resulting in high-cost, reoccurring claims. This seems to be
a newer issue, clearly present with the addition of the newer curtain coating
technology.
The aim of this thesis is to focus on a coating (and board) related defect
known as, “pitting” or “pinholes,” which causes an abnormal surface of the board
that will not print at carton plants. This issue occurs at Mill X, a recycled fiber plant,
which has been troubleshooting this issue since their air knife coater was replaced
by a DF curtain coater in 2014. In order to strategically fight pitting, theories must
be made to identify the mechanisms behind the defect, and then, using a DOE, one
can further support these theories by statistically calculating what main effects and
interactions lead to higher pitting numbers. Trials will be proposed, with the help of
the mill’s engineers and vendors, to see if pitting can be decreased, and eventually
eliminated.
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CHAPTER 4
MILL X- PITTING BACKGROUND

Through SEM images (29) (Figures 8-11), it’s easy to see the differences in
depth and width of the pits, which range from smaller ‘pinhole’-like sizes, to larger
‘crater’-like pits that are 80 microns wide or larger, both of which can be up to over
20 microns deep. Through observation and experimentation by the engineers at Mill
X, the pitting in question has been characterized by several factors, which are
organized and outlined in Table 5 (31). This gives a baseline of what was
understood about pits before the research and experimentation of this thesis began.
Note that this table also includes comparisons to the mill’s Machine 3 cylinder paper
machine, which currently runs a bar/rod coater and air knife coater; this is used to
help the Machine 1 team further understand operational and mechanical difference
that might contribute to the pitting issue.

Figure 8. SEM - Pitted Surface of Coated Board (29)
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Figure 9. SEM Large Pit on Curtain Coated Board (29)

Figure 10. SEM Cross-Section Image of a Pit (29)
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Figure 11. SEM Cross-Section- Pitting/Air Entrainment Under the Surface. (29)

Table 5: Mill X's Pitting Overview (31)
WHAT

IS

IS NOT

DIFFERENCES

What object is having the problem?

Machine 1 Board

Machine 3 Board

Coating
Equipment
Coat Weights
Machine
Speeds

What is wrong with the object?

Pits / craters at the bar
coating and DF coating
interface

Fiber sticking up
through coating

Not a lack of
Top Liner

WHERE

IS

IS NOT

DIFFERENCES

Machine 3 coated
surface

Coating
Equipment
Coat Weights
Machine
Speeds

Where geographically is the object

Machine 1 coated surface
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Starch box

Where is the defect on the object?

Throughout the entire
coated surface

Based on position

Not based on a
position

WHEN

IS

IS NOT

DIFFERENCES
Was present
before install,
but pitting was
not as
prominent
1. Speed
2. Sheet
moisture after
coating
application
3. Coating
drying
4. Refining Stock/formatio
n
5. After sheet
break
recoveries use
broke (stock)
instead of OCC
6. More
foaming in bar
after sheet
break
recoveries
1. Moisture
2. Machine
speed
increased after
DF coater

When was the problem first noticed?

After DF install in Feb
2014

Before Feb 2014

When has it been seen since then?

1. All grades
2. More prominent on
lower calipers
3. More prominent after
start-ups from a shut
down
4. Prominent after sheet
break- on sheet break
recoveries broke stock is
being used in place of Box
5. Top Liner refiner
issues
6. News used as Top
Liner - lower freeness

1. DF coating only
2. Bar coating only

When in the life cycle or history

1. Pitting is always
present
2. DF and Bar Coating on

1. DF coating only
2. Bar coating only

EXTENT

IS

IS NOT

How many objects have the problem?

1. All grades
2. All positions

1. Grade specific
2. Position specific

-

1. Non-existent
2. Sparse and less than
20µm

-

Decreasing

-

What is the size of a single defect?

What is the trend in the number of
defect?

1. High frequency of
20µm pits
2. Increase/clusters of
50µm pits
Always present, but
pitting outbreaks
(increased number of
large pits and/or high
concentrations of small
pitting) are sporadic

24

Through experimentation and research, theories behind pitting have been
narrowed down to a few mechanisms: air entrainment, wetting of the substrate
(governed by physical and chemical behaviors such as coating properties), and
substrate roughness (8). All three are interconnected, and can be addressed by
certain coating properties. Moisture within the sheet was also suspected, but
through multiple trials deemed a less critical mechanism at this point; varying
drying temperatures were tried twice and found inconclusive, and without a
statistical effect on pitting. Challenges faced within the paperboard industry have
been the need to develop the right formulations to operate at higher flow rates,
higher solids, higher curtain heights, and high web speeds compared to the
photographic and specialty paper applications (8). Thus, in order to successfully
know how to combat pitting, it is useful to understand what exacerbates the defect,
and how the coating formulation can be manipulated to reduce it.

CHAPTER 5
THEORIES

Air Entrainment
Air entrainment has been cited as the leading cause of pitting in theoretical
and experimental capacities, occurring between substrate and impinging coatingbecause of interfacial tension constraints (8). The air film is unstable and breaks
into bubbles, creating visible defects (pits/craters) that are usually related to the
curtain’s base coat that is contact with the substrate (8). Most curtain coaters have a
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vacuum device installed near the impingement zone, which acts as a deaerator, but
these do not have the capacity to remove all the boundary air that can cause
entrainment and lead to pitting. Therefore, as web speeds increase, the removal of
boundary layer air becomes progressively more difficult by the vacuum, and
manifests itself as the onset of air-entrapment in the impingement zone (7,16). For
very high web speeds, steam substitution (7,16), where saturated steam is injected
before the impingement zone to remove boundary layer air, is needed. Furthermore,
roughness of a substrate and poor wettability will lead to a higher amount of air
entrainment. Plus, without a direct metering device, the sheet does not require
strength properties for good runnability (14), but a curtain will follow the contour
of low/high amplitude roughness. With a high frequency of varying roughness, the
coating film becomes more complex and sometimes incapable of keeping its form,
where high base sheet roughness may create craters. (7). Air entrainment is also
synonymous with dynamic wetting failure, with critical parameters being speed and
viscosity, but also found to be dependent on surface tension (32). In order to fully
understand wetting, one must look at viscosity and surface tension as a means to
combat high speeds and lower the possibility of air entrapment.

Figure 12. Curtain Coater- Air Entrainment (7)
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Viscosity and Rheology – Effects on Air Entrainment
Rheology is a branch of science dealing with the flow and deformation of
materials as the function of stresses (33). Curtain coatings are known to be
pseudoplastic, which means that they are shear-thinning, or their viscosities
decrease as the shear rate increases. Rheology can also help determine the coating’s
ability to “heal” itself through its viscoelasticity, defined by a fluid’s ability to quickly
return to their original state after stress is applied (34). It has been suggested that
rheological properties of the coating are critical to avoid or reduce the presence of
pitting, because they influence how easily air bubbles can be extracted from the
coating color (7,35). For example, speed and low viscoelasticity are known to induce
air entrapment by literally pulling air underneath the coating, an outstanding
challenge of fluid physics in the vicinity of the dynamic wetting lines (13). This
accounts for pitting getting worse (larger, higher volume) with lower calipers, which
run at higher speeds. Thus, in order to deter air entrainment, the promotion of
wetting through rheological properties is critical at impingement as it affects the
process in multiple ways. As the liquid coating displaces gas at a dynamic wetting
line (when the coating meets the web), it will create a continuous film of coating that
is deposited on the moving substrate (13). Close to the wetting lines, there are
comparatively short regions of rapidly rearranging shear and extensional flow,
which is even more complicated with non-Newtonian fluid, like coating (13). Low
coating viscosity can cause a splash to occur at the web, while extensional viscosity
is the key to no heel forming (7), both highly affecting the amount of air that will be

27

dragged under the film. As previously stated, the air entrainment will then form
bubbles, which lead to pitting.

Surface Tension- Effects on Air Entrainment
There is another key component of dynamic wetting, however, which cannot
be overlooked. Curtain stability cannot only be improved with a thicker curtain,
faster curtain velocity, and higher volumetric flow rate per unit width, but also with
a lower surface tension (15). Thus, surface tension is an important component of a
coating, and it was also found through experimentation that the air entrainment
phenomenon is strongly dependent on surface tension, a fact already well
established for various other coating methods (32). It plays the largest role in
curtain stability, as low dynamic surface tension is essential to ensure a stable
curtain, requiring surfactants with short reaction times due to the fast coating
process (36). Next, it was found that improving wettability (lower surface tension)
resulted in higher viscous drag on the curtain, increasing the radius of curvature of
the pulled film on the impingement zone, and reducing total pressure, resulting in
delayed and less air entrainment (16). For coating, a high surface energy/tension
value indicates that the surface has many unsatisfied sites available to interact with
the unsatisfied sites contained in the liquid; the greater the interactive forces, the
better the coating adhesion will be.
Therefore, it literally defines the relationship the coating will have with the
paperboard, since the surface tension of a liquid needs to be less than the surface
energy of a substrate for proper wetting (usually by at least 10 mN /m) (37).
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Without proper wettability, air entrainment is promoted between the coating and
the substrate, plus the coating will literally not want to adhere to the substrate. The
BASF company explains the reason for the formation of craters as the difference in
surface tension between a liquid and a surface, where defects increase as surface
tension differences grow (38). They continue by defining pinholes as craters that
develop where a liquid has not formed a homogeneous layer, thereby leaving a
depression, which then penetrates into the substrate (38). They advise to drop the
surface tension to promote better overall wettability and improve the adhesion of
the liquid to the surface. Dropping the surface tension of a coating can occur by
adding surfactants; these are often added to a curtain coating to reduce the surface
tension and propagation velocity, and increase the surface elasticity (12).
Modifying the Original Coating Formulation
The original curtain coater formulation for the top and base coatings can be
found in the Tables 6-7, where “pph” stands for parts per a hundred of pigment.
Table 7. DF Top: Basic
Formulation
MATERIALS
Kaomax
TiO2
Latex – 3103
Thickener
Dispersant

Table 6. DF Base: Basic
Formulation
MATERIALS
pph
Kaomax
100
Latex - 3103
21
Thickener
0.35
Dispersant
0.12
Surfactant
0.30

pph
90
10
21
0.35
0.12

It is known that shear-thinning liquids (pseudoplastics) are more suitable for
curtain coating formulations than Newtonian like fluids (7). After initial testing, the
current coating formulation raises a few concerns in terms of rheological and
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surface tension properties. Through research, it was discovered by experimentation
that when base coating’s viscosity was too high, air entrainment increases, causing
air bubbles, which led to defects (12). But, as previously noted, if the viscosity is too
low, splashing can occur, which affects air entrainment and curtain stability. Mill X
looked to outside resources to help determine the proper viscosity range of their DF
curtain coater. Chupa, a paper chemical company that worked with Voith during the
first DF Curtain installation, advised the mill to run the viscosity between 350600cP, well above GPI’s current formulation’s viscosity (39). The Brookfield
viscosity is taken at a standard of 100 rpm with the (RV) spindle #3, which has a
shear rate of 26.3 s-1, calculated by the Brookfield rheological equation (40):
SHEAR RATE
(s-1):

(4)

where: ω = (2π / 60)N (set N equal to the RPM of the Brookfield)
Rc = Radius of the container (cm)
Rb = Radius of the spindle (cm)
X = Radius at which the shear rate is being calculated
(Set X=Rb)
The mill determined that the Brookfield viscosity was too low in both the
base and top curtain coatings, teetering just around 300 cP. Through the help of an
outside vendor, Ingredion, the addition of starch seemed like a cost-effective way to
increase the viscosity of the coating to determine the effects of the coating.
Due to the high-speed runs of the curtain coaters, dynamic, or nonequilibrium, surface tension, which is the local tension measured or estimated, in a
flowing solution or on a deforming surface is of more interest than static surface
tension (11). The flow of a curtain will dramatically affect the surface tension of a
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coating, as the speed of the run will result in higher instability of the surfactants in
the coating. It has been reasoned that the dynamic surface tension should be as low
as 30 mN/m in order to ensure curtain stability and proper wettability at impact
(5). In support of this theory, curtain coating with higher surfactant dosages of 0.20.8 parts have resulted in lower surface tension, and overall better wettability and
coating results (16). Improving the wettability also delays the onset of air
entrainment, thus improving overall coverage (16). In accordance with the surface
energy and surface tension interaction, it was suspected that the bar pre-coat
significantly lowered the surface energy of the substrate, thus explaining why the
curtain coater only produced pits when the pre-coat was present, and why pitting
vanished if only one coating (bar or curtain) was present. Therefore, surface energy
readings of the uncoated board and pre-coated board are of importance, as well as
surface tension readings of the coatings. If there is a discrepancy in the numbers, it
may be a positive indication to change the surfactant dosage of the coating to help
alleviate pitting.

CHAPTER VI
DESIGN OF EXPERIMENT
All experiments were performed on the Machine 1 Fourdrinier paper
machine, which currently runs the pitted board. Experiments were run on 18 pt. (pt
or point =1/1000th of an inch) caliper to ensure similar speed and board conditions
(or at least the same caliper throughout the entire trial), the bar/rod coating
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formulation remained unchanged, and drying conditions were consistent during all
trials. The curtain coating formulations was controlled, with only one trial variable
changed/added in order to limit any unknown affects to the resulting outcome.
Uncontrollable nuisance factors include machine breaks, which will be documented
if they occur- pitting is known to worsen after a down, and this could skew data.
The DOE included only one factor, no blocks (unless necessary) to run an
ANOVA through the General Linear Fit model (GLM), which can evaluate any
statistical change in pitting. 5-10 replicates with 2 levels (control, trial) were used to
compute a P-value for analysis on the data, deciding if the levels have any statistical
difference in their overall means (at a 90% confidence level, or P-Value<0.1) to
reject Ho such that:

Where

Ho : u1 ≤ u2

(5a)

Ha : u1 > u2

(5b)

u1 is the mean of the control data and u2 is the mean of the trial data.

DOE 1: Starch Addition
The addition of 3 parts of a dry starch product was added to the Base and
Top DF coatings to see the effects on pitting. The starch was expected to promote
rheological healing properties, increase the viscosity, and water retention
capabilities of the coating. The control (original formula) rheology, Brookfield
viscosity, high-shear viscosity, and WRV (water retention value) were tested and
compared to the trial formulation’s measurements. The trial coating was run on the
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Machine 1 paper machine, and pitting results were compared through Minitab
ANOVA analysis as described above.
DOE 2: Increased Surfactant Trial
Surface Energy tests were performed on an uncoated board and pre-coated
board via the contact angle method, and related to the surface tension of the curtain
coating (static surface tension was measured by the pendant drop method, while the
dynamic surface tension was measured by the maximum bubble pressure method).
This will help illuminate the relationship between the coating and substrate.
The surfactant parts of both DF coating formulations was doubled, and
surface tension was re-measured (both static and dynamic) to reveal any changesthe desire is to lower the (dynamic) surface tension of the coating. The coating was
trialed on the Machine 1 paper machine, and pitting results were compared through
Minitab ANOVA analysis as described above.
CHAPTER VII
TESTING EQUIPMENT
The Machine 1 Paper Machine
The experiment will be conducted on Mill X’s Machine 1 paper machine. This
Fourdrinier machine uses 100% recycled fiber material to produce a three-ply
paperboard, running at 1500-2000 fpm. The three plies consist of a top liner, filler,
and backliner, produced with certain types of stock fiber (as seen in Table 8
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(below)), which ensures quality and a high visual standard. This is important since
working with recycled material causes variability, and understanding which type of
fiber/product to use for the pulp is critical in manufacturing a sellable paperboard.
Top liner obviously consists of Top liner, while filler is a combination of Box and
OCC, and backliner consisting of primarily News with about 15% OCC; these three
plies create Machine 1’s 14, 16, 18, 20, 21, 22pt calipers.
Table 8. K1 Ramp Blends
Type

Fiber Source

Grade / Caliper
(pt=1/1000th inch)

Top liner

50% Light Print
50% Coated Book

All Grades

News

Box

Box
OCC

60% No. 8 News
30% Over-issue
10% 209
50% Box
25% Double Lined Kraft (DLK)
25% Pratt (Recycled DLK)
50% Box
25% 216
25% DLK and Pratt
100% OCC

All Grades

14pt, 16pt

18pt, 20pt, 21pt, 22pt
All Grades

Pitting Tests
A pitting sample is stained with a Croda manufactured red drawdown ink
(MBR 10039) to better see the pitting on the sheet. (This will also make it easier for
the program to read.) There are three numbers that help determine the amount of
pitting on the sheet: large pit count, area % pitted, and overall number of pits. Each
test requires a paper tester to look at four random and separate areas of the sheet in
the CD direction. This helps to better determine pitting across the sheet, which can
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vary in concentration. The large pit count is taken with a Barska brand handheld
digital microscope (AY11336), at a 10-300x magnification, which is placed on the
stained sheet. The higher magnification, but lower resolution highlights larger pits,
and dulls out the smaller pits- depending on the how many large pits are in the
visual area of interest (greater than 1mm), the paper tester rates it 1-4. Thus, after
four tests, a low pit count is 4 and the highest is 16. According to claims filed against
the mill, printing issues tend to occur when the large pit count reaches about an 8.
There is obviously variability in data. due to the dependency on human perception
and opinion.
The area % pitted and number of pits were both found through the use of a
200x magnification Aven brand digital microscopic camera (Mighty Scope NIR 5M),
which has a higher resolution and offers a large scope, or area of measurement. This
camera is able to show more detail, and thus show the smaller pits, with the four
images captured in the CD direction. A public domain program, ImageJ, was used to
analyze these images, which is able to distinguish pits through the contrast of color
(pits are darker red, filled in by the Croda ink). It digitally computes the average
area % pitted and number of pits through the four measurements, completely
eliminating human error. The relationship between the area % pitted and the
number of pits is crucial; this was able to distinguish if the area is generated by a lot
of small pits or a fewer number of larger pits.

35

Viscosity
Viscosity (cP) of the coatings was taken by a Brookfield DV-E viscometer at
100RPM with the (RV) spindle #3. This has a shear rate of 26.3 s-1 (40).

High-Shear Viscosity
High-Shear Viscosity is taken by the Hercules DV-10, with the E-bob up to
4400RPM (congruent with GPI methods). This has a shear rate of 46,288 s-1 based
on the known equation (41):
RPM x 10.52

(6)

Where 10.52 is a constant as the E-bob’s shear rate factor.
Rheometry
The AR-2000 Rheometer (TA Instruments) is used with the corresponding
AR Instrument Control software. A Stress-Sweep and Steady Flow test will be
performed on the coating.

Surface Energy and Surface Tension
Surface energy (contact angle method) and static surface tension (pendant
drop method) were measured by the FTA200 camera and its corresponding
software, FTA 32, both manufactured by First Ten Ångstroms. Dynamic surface
tension will be measured by the maximum bubble pressure method by The DOW
Chemical Company using a KRUSS BP2 instrument by KRUSS USA.
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ABB Scanners, Panther, and Delta V
All of these are Mill X provided systems that together track all of the
components of the paper machine and its system. The ABB scanners are on the
machine and move in the CD direction across the sheet as the machine is running.
These are able to take readings throughout the production in order to measure such
properties as caliper, moisture, and basis weight. Panther and Delta V save historical
paper testing results or readings, which offer specs on the sheet, coating, and pulp.
These all help to ensure that properties remain consistent during trials.

pH
pH levels were measured by an Accumet manufactured portable pH meter,
model AP115.

Brightness
Brightness was measured through the Technidyne Micro-S 50 at TAPPI
Standard T-452.

Water Retention Value (WRV)
Coating samples were taken from the machine and tested for WRV (g/g) by
the AA-GWR Water Retention Meter (model 250) by Kaltec Scientific, Inc. using
TAPPI Standard T-701 pm-01.
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Roughness / Smoothness
Smoothness was measured through an L&W (Lorentzen & Wettre) Sheffield
tester (Sheffield Units or SU) manufactured by ABB, and also through Parker PrintSurf tester (microns) manufactured by TMI. Both comply with TAPPI Standard T538. The Parker Print Surf is in units of roughness and the “Sheffield Smoothness” is
actually proportional to roughness.

Porosity
Porosity (air permeability) of the uncoated and precoated sheet was
measured by a TMI manufactured porosity instrument, in HP Gurley (sec/100ml).
This is in accordance with TAPPI Standard T-460.

CHAPTER VIII
RESULTS AND DISCUSSION

Pretrial Pitting Analysis
Before trials began, the pitting was analyzed over the course of a few months,
at all calipers; this gave the mill a quantified representation of pitting, thus helping
to correlate numerical values to visuals of the board. The averages of percent area
pitted, number of pits, and large pit count were taken into consideration based on
caliper- through the data, it further showed the initial visual consideration that
pitting is worse on higher calipers, with larger pits marring the surface of the board.
Moreover, for each test, all positions- front, center, back-were tested, and although
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there was a slight variation, statistically there was not a large enough difference to
deem it a factor in pitting. The historical (control) pitting averages per caliper can be
seen in Table 9, and visual of the pre-trial board (random 18 pt sample) can be seen
in Figure 13.

Table 9. Historical Pitting Averages per Caliper
Caliper
(pt.)
14
16
18
20
21
22
Overall
Average

% Area Pitted

Average of Number
of Pits

Average of Large
Pit Count

AVG
4.4
3.5
5.0
4.8
3.8

STD
0.7
0.8
1.4
1.6
1.7

AVG
1027
3550
3927
4679
4773

STD
53
2130
2813
2911
1970

AVG
6
6
7
6
4

STD
1
2
2
2
0

3.9

1.9

3858

1764

5

1

4.2

1.5

4237

2754

6

2

Figure 13. Pre-Trial Board- Pitting Visual
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Board Properties
Before trials began, a brief analysis of the board was performed, in order to
better understand the surface on which the coating is applied. As previously stated
in Table 5 “Mill X’s Pitting Overview,” it is known that pitting only occurs when the
precoat and the curtain coating are both applied, and does not occur when only the
precoat or the curtain coating is applied. Thus, a comparison of the coated
paperboard and the precoated paperboard was completed to see any similarities
and/or differences that might reveal any indications behind the pitting phenomena.
Three major properties were of interest: surface energy, smoothness/roughness,
and porosity.
Surface Energy (mN/m) of the board will help to quantify the interactions
between the surface and the liquid coating (surface tension), and therefore is an
insight into the wetting of the paperboard at the dynamic wetting line. Smoothness
or roughness is of importance since it was noted in the theory section that a rougher
sheet could allow for more boundary air entrainment. Porosity (more correctly
permeability) is of interest, since a greater porosity will allow for more wetting,
where the coating will tend to drive into the sheet; this could also allow air and
moisture to escape through more passages, where a less porous sheet will force air
and moisture through the top of the coating.
The averages of 10 individual readings of all properties (besides surface
energy, which is calculated by various contact angle measurements) were calculated
and are summarized in Table 10.
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Table 10. Uncoated vs Precoated Paperboard- Summary of Paper Properties
Uncoated
Precoated
Test
Paperboard
Paperboard
Surface Energy (mN/m)
70.70
46.6
Dispersive (mN/m)
31.12
43.91
Polar (mN/m)
39.57
3.69
AVG
47.54
849.2
Porosity - Gurley (sec/100ml)
STD
6.39
107.4
AVG
6.58
4.51
Roughness- PPS (micron)
STD
0.39
0.31
AVG
304
260
Roughness- Sheffield (Sheffield
Units (SU))
STD
8.36
25.7

As seen in Table 10, the surface energy of the uncoated board is considerably
higher than the precoated board, which will result in faster, more complete wetting
of a liquid on the surface. This value is probably skewed, due to the high porosity of
the sheet, which will contribute to the wetting of the surface and produce a false
surface energy value; a Cobb test confirmed this theory, as there was complete
wetting in less than 1-2 sec on the uncoated surface. Consequently, the dynamic
surface tension of the coating will need to be at 30-35 mN/m in order to wet the
precoated sheet properly; this could be an issue with the current formulation and
will be investigated through the surfactant trial. The difference in surface energy is
also supported by the Gurley porosity of the sheet, which is 47.54 s/100mL
uncoated, compared to the 849.2 s/100mL of the precoated board; the paperboard’s
precoat creates a less permeable surface, and the DF coating is forced to accumulate
on top. This also means that moisture and air will also be forced through the top of
the sheet instead of through the pores of the board. Thus, both surface energy and
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the porosity could lead to pitting. The surface roughness is also of interest; although
pitting does not occur when the DF coats the uncoated sheet, which is rougher, the
surface energy of the surface and the porosity may counteract the high Sheffield and
PPS measurements of this sheet. Moreover, the precoated sheet may be smoother
than the uncoated board, but due to the lower surface tension (SFT) and very low
porosity, the roughness may be more critical when the DF coating is applied. In
Chapter 5 “Theories,” section “Air Entrainment,” it was confirmed that a rougher
surface can lead to elevated amounts of boundary air entrapment.

Trial / Experiment 1: Dry Starch Addition
The original DF Top and Base coating formulations can be seen in Tables 11
and 12. The DF Top and Base coating formulations were then modified by adding ~2
parts of dry starch to an 8,000 lb. batch of each coating. Otherwise, the coating
formulations stayed the same.
Table 11. DF Base: Starch Trial
Formulation
MATERIALS
pph*
Clay
100
Latex
21
Thickener
0.35
Dispersant
0.12
Surfactant
0.30
Starch
0.30

Table 12. DF Top: Starch Trial
Formulation
MATERIALS
pph
Clay
90
TiO2
10
Latex
21
Thickener
0.35
Dispersant
0.12
Surfactant
0.30
Starch
0.30

* pph - parts per hundred
The DF Base starch formulation will run first, in order to ensure curtain
stability and machine runnability. If the run is smooth, the operators would then
transition the starch into the DF Top slot as well. It was planned to run on 18pt
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board, but due to the unpredictability of machine runs and customer demands, the
trial was run on 14pt. The results of the trial on pitting are seen in Table 13; there
were no runnability issues, but there was a sheet break toward the end of the trial.
This resulted in only 4 trial results or turn-ups, not 5 as initially designed. Coating
samples were taken at the DF curtain head, and WRV (water retention values) were
monitored to better indicate when the starch was fully integrated into the system
(the WRV value was expected to decrease with the addition of starch).
Table 13. Starch Trial Summary- Pitting Averages

Large Pit Count
AVG
STD

% Area Pitted
AVG
STD

Number of Pits
AVG
STD

Control / Pre-Trial

7

1

4.1

0.9

5322

1150

Trial- Starch

4

1

2.6

0.8

2939

307

Pit counts immediately dropped from 8 to 5 when the DF Base trial coating
reached the DF head; percent pitted area decreased from 5.8% to 3.6% (See
Appendix, Tables 41 & 42). This decrease in pitting was consistent within the
duration of the trial, with the overall large pit counts decreased to an average of 4
and pitted area decreased to 2.6% after both DF Base and Top trial coating batches
reached the DF head. The decrease in pitting was visually evident as well as seen in
Figures 14 and 15.
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Figure 14. Pre-Trial (Control) Sample Images

Figure 15. Trial Starch Sample Images

Minitab- Statistical Analysis of Pitting-Starch
The data and numbers seem to show a significant drop in pitting, which is
further proven by a statistical analysis calculated by Minitab. As previously stated,
the trial only had 4 replicates for data analysis, which was compared to the control’s
pre-trial data (5 replicates) through the General Fit model (GLM), which can
evaluate any statistical change in pitting. The ANOVA design is used to calculate a Pvalue for each pitting outcome (large pit count, % area pitted, and number of pits)
deciding if the factors have any statistical difference (at a 90% confidence level
where P-value <0.1) in their overall means to reject Ho such that:
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Ho : u1 ≤ u2
Ha : u1 > u2
Where

u1 is the mean of the control data and u2 is the mean of the trial data.

The results are as follows:
Table 14. Factor Information
Factor
Formulation

Type
Fixed

Levels
2

Values
1, 2

Formulation 1 is the control, while Formulation 2 is the starch-trial.
Table 15. Analysis of Variance (ANOVA)- Large Pit Count
Source
Formulation
Error
Total

DF
1
8
9

Adj SS
18.150
4.750
22.900

Adj MS
18.1500
0.5938

F-Value
30.57

P-Value
0.001

Table 16. Analysis of Variance (ANOVA)- % Area Pitted
Source
Formulation
Error
Total

DF
1
8
9

Adj SS
8.067
4.473
12.540

Adj MS
8.0667
0.5592

F-Value
14.43

P-Value
0.005

Table 17. Analysis of Variance (ANOVA)- Number of Pits
Source
Formulation
Error
Total

DF
1
8
9

Adj SS
13629807
7365126
20994933

Adj MS
13629807
920641

F-Value
14.80

P-Value
0.005

The ANOVA analysis reveals that each pitting test- large pit count, % area
pitted, and number of pits- has the formulation factor with a P-value less than 0.1.
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This means that at the confidence level of 90% (in reality 99.5%), each test rejects
the null hypothesis (Ho), proving the pitting means of the control and starch
formulation are statistically different. A Tukey test, which compares the individual
means, was then performed to confirm that the starch formulation produced the
lower of the two means. The results are below:
Table 18. Tukey Pairwise Comparisons: Response = Number of Pits, Term =
Formulation
Grouping Information Using the Tukey Method and 90% Confidence
Formulation
1
2

N
6
4

Mean
5322.33
2939.25

Grouping
A
B

Table 19. Tukey Pairwise Comparisons: Response = % Area Pitted, Term =
Formulation
Grouping Information Using the Tukey Method and 90% Confidence
Formulation
1
2

N
6
4

Mean
4.13333
2.30000

Grouping
A
B

Table 20. Tukey Pairwise Comparisons: Response = Large Pit Count, Term =
Formulation
Grouping Information Using the Tukey Method and 90% Confidence
Formulation
1
2

N
6
4

Mean
7.00
4.25

Grouping
A
B

In a Tukey comparison, means that do not share a letter are significantly
different. For all the pitting tests (response), Formulation 1 (control) and 2 (starchtrial) are not in the same group, having different letters; this further supports the
46

ANOVA results. Formulation 2 (starch-trial) also has the lower means for all of the
responses, which statistically proves that the starch-trial formulation successfully
lowered pitting.

Long-Term Trial- Starch in the DF Base
The initial trial was deemed successful, proving that the starch seemly
worked during the brief trial. It was noted that the difference between running with
regular DF coating and the having starch in the DF base resulted in a significant drop
in pitting numbers overall. The addition of starch into the DF top also exhibited a
further decrease in pitting, however, it was not enough to justify the added cost.
Therefore, it was decided that the point of interest was to continuously run the
starch in the DF base formulation for two weeks to a month to see the long-term
effects. This would also validate the first trial, confirming that the pitting decrease
was not a coincidence or anomaly, but definitely caused by the starch addition. It
will also allow for the application of the trial formulation on all grades of caliper for
a more comprehensive analysis of overall pitting. The formulation’s increased
Brookfield viscosity from ~400 cP to ~600-700 cP (at a shear rate of 26.3 s-1) was
seen as an operational concern to the mill. It is above target for the suggested
Brookfield viscosity, and it started to cause physical build-up in the system. To
ensure long-term success, it was decided to lower the thickener from 0.35 parts to
0.25 parts, and increase the starch from 2 to 3 parts. This brought the viscosity
down to ~300-350 cP.
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The long term trial ran for two weeks, and the summary of results are shown
in Table 21. and Table 22. Table 21 contains the overall averages and standard
deviations, but does not consider caliper of the board, which has been shown to be a
significant factor to pitting. Thus, Table 22 is a pivot table used to break down
pitting data by grade or caliper.
Table 21. Summary of Results- Pitting Averages for Starch in the DF Base
(Long-term)
TEST
AVERAGE
STDEV
MAX
MIN
Large pit
4
1
7
4
count
Area %
2.6
1.1
5
0.3
Number of
4521
2032.8
10860
351
Pits
Table 22. Long-term Data of Caliper vs Pitting for Starch in DF Base
Large Pit Count
Area % Pitted
Number of Pits
Grade / Caliper
(pt)
AVG
STD
AVG
STD
AVG
STD
14
16
18
20
21
22

4
5
4
4
4
4

1
1
0
0
0
0

3.1
2.8
2.6
2.4
2.6
3.7

1.2
1.2
1.2
1.0
0.7
1.3

4958
4608
4434
4236
4730
6487

1941
2062
1915
2131
1395
2255

OVERALL AVG

4

1

2.6

1.1

4521

2033

The results show a decrease in large pits, dropping from an average of 6 to 4.
The area % pitted also showed a significant decrease from 4.2% to 2.6%, with each
caliper showing a substantial drop in area, besides 22 pt, which stayed virtually the
same. The interesting thing to notice is that the amount of pitting (number of pits)
either stayed the same or increased during the trial. Since the % area and number of
pits are calculated together by the same program, it is appropriate to examine their
relationship to one another. If the % area decreased, but the actual number of pits

48

increased, it can be deduced that the pits are reducing immensely in size, but there
are generally more of these smaller pits on the sheet. This can be seen visually
through microscopic images where larger pits are almost completely diminished,
but the sheet is riddled with small pits (Figures 16 & 17). There is also less
variability in pitting, with lower standard deviations, which means there is more
predictability in the product outcome through the use of starch.

Figure 16. Long-term Pre-Trial (Control) Sample Images

Figure 17. Long-term Trial Sample Images
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Minitab Statistical Analysis of Pitting- Long-Term Starch
Minitab analysis helped to further statistically prove that the starch addition
significantly lowered the pitting during the long-term trial period. The pitting
averages of each caliper were compared from the trial vs the historical pitting
averages as previously seen in Table 9. Because pitting is known to vary depending
on caliper, this ANOVA table uses a block (caliper) to provide an accurate
comparison. The ANOVA design is used to calculate a P-value for each pitting
outcome (large pit count, % area pitted, and number of pits) deciding if the factors
have any statistical difference (at a 90% confidence level where P-value <0.1) in
their overall means to reject Ho such that:
Ho : u1 ≤ u2
Ha : u1 > u2
Where

u1 is the mean of the control data and u2 is the mean of the trial data.
Table 23. Factor Information

Factor
Formulation
Caliper- Block

Type
Fixed
Fixed

Levels
2
6

Values
1, 2
14, 16, 18, 20, 21, 22

Where Formulation 1 is the control and Formulation 2 is the starch-trial.
Table 24. Analysis of Variance (ANOVA)- Large Pit Count vs Formulation
Source
Formulation
Caliper- Block
Error
Total

DF
1
5
5
11

Adj SS
6.464
4.551
3.263
14.278

Adj MS
6.4644
0.9101
0.6526
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F-Value
9.91
1.39

P-Value
0.025
0.362

Table 25. Analysis of Variance (ANOVA) - %Area Pitted vs Formulation
Source
Formulation
Caliper- Block
Error
Total

DF
1
5
5
11

Adj SS
5.6585
0.8596
1.8388
8.3569

Adj MS
5.6585
0.1719
0.3678

F-Value
15.39
0.47

P-Value
0.011
0.788

Table 26. Analysis of Variance (ANOVA)- Number of Pits vs Formulation
Source
Formulation
Caliper- Block
Error
Total

DF
1
5
5
11

Adj SS
4863881
5515010
7108492
17487383

Adj MS
4863881
1103002
1421698

F-Value
3.42
0.78

P-Value
0.124
0.606

Through the ANOVA analysis, it was revealed that the formulation factors are
statistically different for the “Large Pit Count” and “% Area Pitted” responses, with a
P-value less than 0.1 (90% confidence interval). A Tukey test will be performed on
both of these responses vs factors to confirm that the starch-trial formulation has
the lower pitting means, thus supporting the use of starch as an effective method to
decrease pitting. Interestingly enough, the number of pits is statistically similar for
both formulations, and will not require a Tukey test; this supports the observation
of the pitting decreasing in size, but not in number.
The Tukey tests were performed on the two responses vs formulations, and
the results are below:
Table 27. Tukey Pairwise Comparisons: Response = Large Pit Count, Term =
Formulation
Grouping Information Using the Tukey Method and 90% Confidence
Formulation
1
2

N
6
6

Mean
5.72430
4.25638

Grouping
A
B
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Table 28. Tukey Pairwise Comparisons: Response = %Area Pitted, Term =
Formulation
Grouping Information Using the Tukey Method and 90% Confidence
Formulation
1
2

N
6
6

Mean
4.24747
2.87410

Grouping
A
B

Means that do not share a letter are significantly different, thus it is
reinforced that Formulation 1 (control) and Formulation 2 (starch-trial) are
significantly different. The starch-trial formulation has the lower means of the two,
which supports the observed assumption that the added starch has statistically
lowered pitting at the mill. Thus, it was decided to keep the starch in the DF Base
formulation permanently.

Coating Properties of Starch Trial Formulation
Introduction
It was theorized that the coating’s rheology could be manipulated by the
addition of starch to promote further healing properties and increased water
retention capabilities. It is possible that starch linear structure with no side chains is
responsible for such behavior, where it’s also known to be hydrophilic in nature.
(Vinyl Acrylic) Latex may have side chains or copolymers in their chain, with
unknown amounts of –COOH groups, and side branches of various amounts and
sizes, all of which may affect packing of polymer molecules in coating and affecting
viscosity. The original formulation (control) and the starch trial formulation (with
the decreased thickener component) were both tested for the following basic
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coating properties: density (g/cm3), solids (%), Brookfield Viscosity (cP) at 26.3 s-1
shear rate, and pH. Then, the coating was tested for further rheological properties,
such as its water retention value (WRV), viscosity vs high shear rates, viscosity vs
lower shear rates, and the elastic vs viscous coating components, and their response
to stress. Further analyses of the static and dynamic surface tension were then
performed to better understand the wetting characteristics of the coatings. The
results were compared to reveal any similarities and differences between the
coatings to help determine properties that potentially deterred the occurrence of
pitting, which will allow the mill to have a better understanding of the defect’s
mechanism.
Basic Coating Properties
First, the more basic coating properties such as density and solids content
were measured and compared. The results are below in Figure 18-21.

Density (g/cm3)

1.35

+/- 0.02

1.3
1.25

Error / STD

1.32

1.2
1.15
1.1

+/- 0.02

Density

1.15

1.05
Control

Starch

Figure 18. Density of Control Coating vs Coating with Starch
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Solids (%)

54.5

+/- 0.2

54
53.5
53

+/- 0.3

Error / STD

54.2

Solids

53.4

52.5
Control

Starch

Brookgield Viscosity (cP)

Figure 19. Solids of Control Coating vs Coating with Starch

500
400

+/- 8
+/- 10

300
200

407

316

Error / STD
Brook{ield Viscosity

100
0
Control

Starch

Figure 20. Brookfield Viscosity of Control Coating vs Coating with Starch.

7.7
7.6

+/- 0.08

pH

7.5
7.4
7.3

Error / STD

7.56

7.2

+/- 0.05

pH

7.23

7.1
7
Control

Starch

Figure 21. pH of Control Coating vs Coating with Starch
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Through the results, one can see that the starch allowed for slightly higher
solids (%) and a higher density (g/cm3), but that it’s Brookfield viscosity (26.3 s-1
shear rate) was considerably lower than the original formula. This might be
attributed to the decreased thickener content, which may have increased viscosity
(per part) more than the starch is capable of. The pH values of the coatings are not
considerably different, with the starch being slightly closer to neutrality than the
control formula; this will not change the affect of the coating’s run on the machine.

Water Retention Value
The water retention value (g/g), or WRV, measures how much water is
released by a coating. In theory, if water is held in by the coating instead of being
released, there is a lower probability of the water creating air/vapor and bursting
through the curtain coating layers during the drying process. Starch is hydrophilic in
nature, and thus it is believed that the WRV of will decrease, as the coating will be
able to hold on to more water. Figure 22 below shows the results of the test on the
control vs the starch trial formulation.

250
WRV (g/g)

200

+/- 6
+/- 4

150
100

200

50

152

Error / STD
WRV

0
Control

Starch

Figure 22. WRV for Control Coating vs Coating with Starch
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The results show improved water retention capabilities of the coating
through the introduction of starch. It was found through lab trials that an increase of
the starch content within the coating batch did not help to lower the WRV any
further, thus 150 WRV seems to be where the starch’s capabilities plateau. This
significant drop from 200 to 150 WRV may help with pitting, with water being held
in the sheet/coating, not released through the coating.

High Shear Viscosity (cP)

High Shear Viscosity

26.5
26
25.5
25
24.5

+/- 0.6
Error / STD

+/- 0.6

24.9

25.5

High Shear Viscosity

24
Control

Starch

Figure 23. High Shear Viscosity of Control Coating vs Coating with Starch

Next, the rheological properties of the coating were further examined to
determine differences that may have led to the reduced pitting. First, the high shear
viscosity was measured on the Hercules DV-10 with an E-Bob - the averages of three
measurements of a ramp up from 0 to 46,288 s-1 shear rate (0-4400 RPM) back
down to 0 s-1 (0 RPM) per coating are summarized in Figures 23 and 24.
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60.0

Viscosity (cP)

55.0
50.0
45.0
40.0

Control

35.0

Starch

30.0
25.0
20.0
0

10000

20000

30000

40000

50000

Shear Rate (1/s)
Figure 24. Viscosity vs Shear Rate of the Control vs Starch Formulations

Figure 23 shows the high shear viscosity of each coating, or the viscosity at
the highest shear (46,288 s-1) measured during the performed test. The trial starch
coating has a slightly higher high shear viscosity than the control formulation;
although it was speculated that a higher high shear viscosity value would result in
less pitting, the difference between the two coatings’ measurements are so minor
that they can be considered similar.
Figure 24 reveals a difference between the coatings rheological behavior.
While both coatings show a pseudoplastic (shear-thinning) model curve, the control
formulation has a higher initial viscosity, which quickly declines (steep slope on the
graph) to a lower viscosity. This gives the control coating a larger area between the
ramp up and the ramp down sections of the test; the area between the initial ramp
up from 0 s-1 to 46,288 s-1 and the final ramp back down to 0 s-1 can help define how
thixotropic a coating is- the larger the area the more thixotropic or shear thinning it
obviously is (increased drop of viscosity). Thus, the control formulation is more
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thixotropic than the starch formulation, which seems to be almost Newtonian
without much change in it’s viscosity during the ramp up and ramp down of the test.

Stress Sweep and Steady State Flow
A stress sweep and steady flow were performed on the AR Rheometer, and
the results help to further analyze differences in the coating batches. A stress sweep
helps to read a coating’s viscoelastic properties through G’ (elastic component) and
G’’ (viscous component) at an angular frequency of 6.284 rad/s. By adding an
oscillatory stress at increasing levels, the instrument and its corresponding program
is able to read a coating’s initial elastic vs viscous components, and then examine
how the coating breaks down with increasing stress. As the stress increases, the
elastic component of a latex coating will start to decline, as elastic materials, like a
steel spring, will always have stress and strain when examined in a dynamic test,
and typically have a breaking point where they can no longer recover. The critical
stress level or “stress yield” is the point when the coating is more viscous than it is
elastic, and this is typically when the coating starts the deformation process and can
no longer recover or heal.
The steady state flow test helps to determine the viscosity of a material
according to the rate at which it is sheared (low shear rates of 0.01 s-1 to 1000 s-1
were used in this test). The data can also be fit to a Rheometry model, which helps to
further define the coating and predict its flow behavior during application.
Figure 25 summarizes the stress sweep results:
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G' and G''

100

Starch G'

10

Control G'
Control G''
Starch G''

1
1.00E-02

1.00E-01

1.00E+00

1.00E+01

Osc. Stress (Pa)
Figure 25. Summary of Rheology Stress Sweep- Control vs Starch Formulations

First, the data beyond the stress rate of 1.00E+01 have not been plotted,
since this was after the stress yield point, and the data can be considered “noise” as
both coatings have started their deformation processes. The initial G’ and G’’ of the
control vs the starch coatings reveal that the starch increased the overall elastic and
viscous properties of the coating, with an increased initial G’ and G’’. G’, or the
elastic component, increases from 38.53 Pa (control) to 58.09 Pa (starch trial),
which is a 49.2% increase in overall elasticity, which can promote healing or
recovery of a coating. The viscous component of the coating also increased from an
initial 7.92 Pa (control) to 12.09 Pa (starch trial), an overall 47.7% increase. As
oscillation stress increased, the starch and the control became more similar in their
G’ and G’’ values, and they actually both had almost identical critical stress points,
both occurring at 3.16 Pa. Theorizing that the coating will not reach this point of
deformation during application, the linear region before the G’ begins to decrease is
of more interest; thus, one can conclude that the coatings differ in both their elastic
and viscous nature.

59

Next, the steady state flow was evaluated, and the summary of results can be
seen in Figure 26, which shows the control plotted with the starch trial.

Viscosity (Pa.S)

100
10
1

Control
Starch + 0.3 parts surfactant

0.1
0.01
0.01

0.1

1

10

100

1000

Shear Rate (1/s)
Figure 26. Steady State Flow- Control vs Starch Formulations

Through the Figure 26, it’s easy to see that the two coatings are very similar
in their viscosities at lower shear rates. The starch may have slightly higher
viscosity, but not enough for it to indicate a change that would affect pitting. Both
were then fitted to a model through the instrument’s corresponding program, TA
Data Analysis, in order to further define the coating’s rheology; the model that best
fit the coating was the “Cross” model. A “Cross” model is defined as a fluid that
behaves as a Newtonian fluid at low shear rates, and a power-law fluid at high shear
rates (42). This is also known as a “Generalized Newtonian” type fluid, which
despite being a non-Newtonian fluid in nature (in this case pseudoplastic), it’s
corresponding equation is a generalized form of a Newtonian fluid (43). Figure 27
can be used as a helpful visualization of this model, which shows a coating that goes
from Newtonian, shear-thinning, back to Newtonian (44).
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Figure 27. Example of the Cross Model (44)
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Surface Tension (SFT)
The surface tension of the coating will be able to distinguish any difference in
the wetting capabilities of the coating. The static surface tension (SFT) was
measured, which will define the coating’s SFT at equilibrium. This number is
assumed to be a lower value than the dynamic SFT, which is the surface tension of
the coating in motion (surfactant works to literally “keep up” with the falling
curtain, increasing the SFT of the coating). Obviously, since the coating will be in
motion on the curtain, the dynamic SFT will better predict the coating’s SFT
property.

Static Surface Tension (SFT)
The results of static surface tension can be seen in Figure 28.

Static SFT (mN/m)

25
20

+/- 1.2
+/- 1.8
Error / STD

15
10

18.7

21.9

Static SFT

5
0
Control

Starch

Figure 28. Static SFT for Control vs Starch Formulations

Although the control coating and the coating with starch addition are close in
static surface tension value, ultimately the addition of starch slightly increased the
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SFT of the coating; this means it may not wet as well as the original formula, but it
could help to support the theory that it has better healing capabilities (less wetting,
more time to heal).
Dynamic Surface Tension (SFT)
Dynamic surface tension results were provided by The Dow Chemical
Company, which had the ability to measure the dynamic SFT on their Kruss brand
bubble tensiometer. The coating’s high viscosity prevented the company from
simply measuring the dynamic SFT of the samples, forcing them to dilute the
samples with water; the dilution was 60% coating, 40% water, which will skew the
results. These results are summarized in Figure 29. The two coatings of interest are
the control or “Original 1 & 2,” and the starch trial labeled as “0.3pts 1 & 2” (45).
The other plots can be ignored at this time.

Figure 29. The DOW Chemical Company's Dynamic SFT Test Results (45)
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The Surface Age refers to the time that it will take for the curtain to hit the
moving web, which roughly makes the time interval of interest somewhere between
100-1000 ms due to the curtain’s height of 153 cm. This is a large window of
interest, as the exact surface age of the curtain is unknown at this time. As the
curtain falls under gravity, the surface area of the curtain increases, and the surface
tension of the curtain will change due to the change in the surface (7). This is
visualized in Figure 30, which demonstrates how the surface changes depending on
the height of the curtain, and therefore also depending on the surface age (7).

Figure 30: Surface Tension and Surface Age Based on Curtain
Height (7)

The dynamic SFT between the 100-1000 ms is decreasing, from about 45 to
almost 35 mN/m. The dilution of water will skew these numbers as well, since
water has a surface tension of about 72 mN/m, which will obviously increase the
coatings’ comparatively lower SFT values. The important thing to note for this trial,
however, is that the control and the starch formulation have similar, almost
identical dynamic surface tension values. Thus, the surface tension ultimately did
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not change due to starch addition, and this would not be a factor behind the
decrease of larger pits.

Trial / Experiment 2: Increased Surfactant Levels
With the success of the starch, the DF Base formulation was permanently
changed; therefore, the control DF Base coating for surfactant level trial/experiment
was the formulation with dry starch addition and decreased thickener amount. The
starch helped to lower the amount of pitting, particularly reducing the size of the
pits, but there was still significant pitting occurring in terms of high concentrations
of smaller pits. With the modification of the coating’s rheology, the desire was to
then manipulate the surface tension of the coating to also allow it to have superior
wetting capabilities. Since the SFT values remained the same between the original
formulation and the starch trial formulation, it still remained a variable of interest.
Through research, surface tension was found to be key behind deterring air
entrainment, as a curtain coating should have an SFT value as low as 30 mN/m,
lower than the current readings. This might possibly prevent the smaller pits from
occurring.
Both DF coating formulations’ surfactant is an FDA-approved brand, which is
packaged with the thickener for a more cost-effective price. The mill did not want to
change brands, so it was decided to double the surfactant from 0.3 parts to 0.6 parts
to see the affect on surface tension, and ultimately pitting. If this is successful, the
surfactant would then be tripled from 0.3 parts to 0.9 parts to see if it promoted any
further wetting capabilities to decrease pitting. The manipulated coating
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formulations are shown in the Tables 29 & 30; note that, besides the surfactant, all
other parts of the formulation remain the same.
Table 30. DF Top: Double
Surfactant
MATERIALS
pph
Clay
90
Ti02
10
Latex
21
Thickener
0.25
Dispersant
0.12
Surfactant
0.60

Table 29. DF Base: Double
Surfactant
MATERIALS
Clay
Latex
Thickener
Dispersant
Surfactant
Starch

pph
100
21
0.25
0.12
0.60
0.50

The extra surfactant was added to both the DF Top and Base coating batches
at the same time, and dropped for machine use simultaneously. While the DF Base
trial coating was fed onto the machine from a previously unused (clean) tank, the DF
Top trial coating was dropped on the control formulation due to the lack of spare
tanks. In order to ensure a smooth and quick transition, the current tank level was
lowered to ~11% each time a trial batch was made and dropped into the tank; this
would provide the best integration method given the circumstance. The trial ran on
18 pt board for over four hours (2 batches of each DF coating were made) to ensure
complete integration into the coating system; there were no issues on the machine
and there were no sheet breaks during the trial. The results of the trial on pitting are
seen in Table 31 with full trial results available in the Appendix.
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Table 31. Surfactant Trial Summary- Pitting Averages

Pre-Trial
Trial
Post Trial

Large Pit Count
AVG
STD
4
0
4
0
5
1

% Area Pitted
AVG
STD
1.1
0.7
1.2
0.3
1.7
0.4

Number of Pits
AVG
STD
2619
1433
2510
500
2645
531

The trial began during a period of low pitting, perhaps due to higher bar and
DF Base coat weights. The coat weights
were dropped to target during the trial
without a change in pitting. Post trial
numbers were included due to an observed
increase in the large pit count once the
surfactant had run through the system and

Figure 31. Pre-Trial- Regular Surfactant Level

the control formulations were running on
the

machine

again.

The

pit

count

immediately jumped from a “4” to a “5”,
with a maximum of a “6” large pit count
post trial, while the % area pitted increased

Figure 32. Trial- Double Surfactant Level

to a high of 2.4% with ~3000 pits; the DF
Base coat weights were increased back
above target due to the increased pitting.
This is further visualized in photos from the
trial as seen in Figures 31-33.

Figure 33. Post-Trial- Back to Regular
Surfactant Level
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Minitab Statistical Analysis of Pitting- Increased Surfactants
An ANOVA analysis was used to further understand the factors
(formulations) and their affect, or lack of affect on pitting. The trial had 6 replicates
for data analysis, which were compared to the control’s pre-trial data (5 replicates)
through the General Fit model (GLM), which can evaluate any statistical change in
pitting as ‘significant’ or ‘insignificant’. The ANOVA design is used to calculate a Pvalue for each pitting outcome (large pit count, % area pitted, and number of pits)
deciding if the factors have any statistical difference (at a 90% confidence level
where P-value <0.1) in their overall means to reject Ho such that:
Ho : u1 ≤ u2
Ha : u1 > u2
Where

u1 is the mean of the control data and u2 is the mean of the trial data.

The ANOVA results are as follows:
Table 32. Factor Information for Surfactant Addition
Factor
Formulation

Type
Fixed

Levels
2

Values
1, 2

where Formulation 1 is the control (0.3 parts surfactant) and Formulation 2 is the
trial with increased level of surfactant (0.6 parts).
All response values for the control and trial formulation were equal at a “4”
large pit count. No table or analysis is necessary.
Table 33. Analysis of Variance (ANOVA)- % Area Pitted vs Formulation
Source

DF

Adj SS

Adj MS
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F-Value

P-Value

Formulation
Error
Total

1
9
10

0.2455
0.6800
0.9255

0.24545
0.07556

3.25

0.105

Table 34. Analysis of Variance (ANOVA)- Number of Pits vs Formulation
Source
Formulation
Error
Total

DF
1
9
10

Adj SS
659459
2323775
2983234

Adj MS
659459
258197

F-Value
2.55

P-Value
0.144

The ANOVA analyses show that the formulations are statistically similar for
all three pitting responses, with P-values > 0.1. This will be a failure to reject the null
hypothesis (Ho), which deem the trial unsuccessful in lowering pitting.
Because the post-trial results were interesting within the trial, with pitting
worsening once the surfactant was set back to its normal 0.3 parts (at normal/target
coat weights), an ANOVA analysis was also run on the post-trial data. This would
help determine if a significant change in pitting occurred between the formulations.
These results are seen below:
Table 35. Factor Information for Surfactant Addition vs Post Trial Results
Factor
Formulation

Type
Fixed

Levels
2

Values
1, 2

where Formulation 1 is the control (post-trial) and Formulation 2 is the increased
(0.6 parts) surfactant trial coating.
Table 36. Analysis of Variance (ANOVA)- Large Pit Count vs Formulation
Source
Formulation
Error
Total

DF
1
10
11

Adj SS
3.000
2.000
5.000

Adj MS
3.0000
0.2000
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F-Value
15.00

P-Value
0.003

Table 37. Analysis of Variance (ANOVA)- % Area Pitted vs Formulation
Source
Formulation
Error
Total

DF
1
10
11

Adj SS
0.8008
1.3483
2.1492

Adj MS
0.8008
0.1348

F-Value
5.94

P-Value
0.035

Table 38. Analysis of Variance (ANOVA)- Number of Pits vs Formulation
Source
Formulation
Error
Total

DF
1
10
11

Adj SS
32240
2868189
2900430

Adj MS
32240
286819

F-Value
0.11

P-Value
0.744

The results actually show a significant difference at the 90% confidence level
between the formulations for the ‘Large Pit Count’ and ‘% Area Pitted’ responses,
with P-values < 0.1. A Tukey test was performed to ensure the trial formulation had
the lower means than the control.
Table 39. Tukey Pairwise Comparisons: Response = Large Pit Count, Term =
Formulation
Formulation
1
2

N
6
6

Mean
5
4

Grouping
A
B

Table 40. Tukey Pairwise Comparisons: Response = % Area Pitted, Term =
Formulation
Formulation
1
2

N
6
6

Mean
1.71667
1.20000

Grouping
A
B

The Tukey tests confirm that the trial formulation (2) has lower pitting
means than the control (1). Note that the number of pits, however, is statistically
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similar, which reveal the pits were smaller in size during the trial, and the size
increased once the trial ended.

Coating Properties of Increased Surfactant Content
It was theorized that by increasing the surfactant within the coating
formulation, the surface tension (mN/m) of the liquid would decrease and
consequently promote better wetting capabilities. The DF Top and the DF Base have
similar surface tension values, so the current DF Base with starch (with decreased
thickener amount) was tested and analyzed. This allowed one to see the effects of
additional surfactant on the starch formulation, particularly surface tension and any
adverse impacts on its modified rheology. Although the mill did not want to run the
coatings permanently due its minor impact (vs extra cost), it was still of interest to
see if and how the coating changes with increased surfactant levels. Therefore, the
control (0.3 parts surfactant) was not only tested and compared to a 0.6 parts
(double) surfactant content, but also a 0.9 parts (triple) surfactant content to fully
understand the outcome of increasing this ingredient even further. The following
basic coating properties were measured: density (g/cm3), solids (%), Brookfield
Viscosity (cP) at 26.3 s-1, and pH. Further analyses of the static and dynamic surface
tension were then performed to better understand the wetting characteristics of the
coatings, and it see if the surfactant was able to lower the surface tension of the
coating. Then, the coating was tested for further rheological properties such as
viscosity vs high shear rates, viscosity vs lower shear rates, and the elastic vs
viscous coating components, and their response to stress. The results were

71

compared to reveal any similarities and differences between the coatings to help
determine shifts in the coating, and their contribution to deter pitting.

Basic Coating Properties
First, the more basic coating properties were measured and compared. The

Density (g/cm3)

results are shown in Figures 34-37.

1.36
1.34
1.32
1.3
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1.26
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1.22
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1.27

+/- 0.03
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Error / STD
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Double
Triple Surfactant
Surfactant (0.6
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Figure 34. Density of Coatings with Different Surfactant Levels
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Figure 35. Solids of Coatings with Different Surfactant Levels
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Figure 36. Brookfield Viscosity of Coatings with Different Surfactant Levels
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Figure 37. pH of Coatings with Different Surfactant Levels

With the addition of more surfactant, the density of the coating decreases
from 1.32 to 1.23g/cm3, while the solids slightly increased from 54.2 to 54.9%. Both
are not large changes, and would not really affect the way the coating performs on
the machine. The pH also remains fairly similar for all coating batches. The
Brookfield viscosity, however, lowers considerably with the addition of more
surfactant, dropping from 316 cP to, below the advised minimum of 300 cP, 278 cP.
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Starch tends to pack itself into spheres, which may decrease viscosity when
compared to the more entangled acrylic polymer. It is possible that addition of
surfactant enhanced this behavior; as a nonionic ethoxylated fatty alcohol, it allows
the acrylic latex molecules and hydrophilic starch molecules to quickly and evenly
disperse (46). This characteristic is also what allows for quicker wetting, as the
nonionic surfactant helps to decrease the surface tension of the water based
suspensions, allowing the hydrophobic latex to wet and adhere more efficiently.
Splashing, however, is a concern at low viscosities, so this decrease is undesirable.

Static Surface Tension (SFT)
The static surface tension at equilibrium will be lower than the dynamic
surface tension, or the SFT when the coating is in motion (surfactant has more
available areas of interaction as the coating thins, increasing its area). Static SFT,
however, can still indicate a difference between surface tension values of the coating
in general. Increasing surfactant will lower surface tension, but only to a certain
point before the SFT plateaus and will not decrease any further. The control was
compared to the two levels of increased of surfactant levels to see if the surface
tension was lowered. The results are shown in Figure 38.
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Figure 38. Static SFT of Coatings with Different Surfactant Levels

The surface tension of the coating does decrease with increasing surfactant
levels (Fig.38). The lower surface tensions will allow for better wetting. Although
the drop seems minor, it is hard to understand how this will translate to the actual
coatings in action on the machine. Therefore, the next step would be to perform a
dynamic surface tension test through the use of a bubble tensiometer. Knowing
there is a difference in the static SFT with surfactant addition, one could expect a
change in the dynamic as well.

Dynamic Surface Tension (SFT)
The Dow Chemical Company performed dynamic surface tension
measurement in the same manner as described for the starch trial. The results are
shown in Figure 39.
Although the samples were diluted, which caused the results to be skewed,
the results still are able to show that there is a critical drop in dynamic SFT between
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the control (0.3pts) and the two samples with increased surfactant concentration.
The drop was about 5 mN/m, which aided to promote the wetting capabilities of the
coating. The difference between the double surfactant and triple surfactant
concentration is slight. However, it was expected that it will not dramatically affect
the coating properties on the machine, and justified the mill’s lack of interest in
trialing the 0.9 parts of surfactant on the machine, considering also the added cost of
surfactant.

Figure 39. The DOW Chemical Company's Dynamic SFT Test Results (45)

High Shear Viscosity
Next, the rheological properties of the coating were further examined to
determine any similarities or differences in the coatings. First, the high shear
viscosity was measured on the Hercules DV-10 and the averages of three
measurements per coating are summarized in Figures 40 and 41.
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Figure 40. High Shear Viscosity of Coatings with Different Surfactant Levels
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Figure 41. Viscosity vs High Shear Rates of Surfactant Levels

Figure 40 shows that there’s an obvious difference between the control
starch formulation and the formulations with increased levels of surfactant, as the
high shear viscosity (cP) is increased significantly by over 35% with higher levels of
surfactant. When looking at the data in Figure 41, one can visually see that the
higher levels of surfactant coatings not only resulted in higher viscosities during the
test, but caused similar responses to the increasing and decreasing shear rates. The
interesting curves of both of these liquids, however, reveal that the coating’s
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increased viscosity vs shear rate never fully normalizes back to its starting point,
completing the ramp down cycle with a higher viscosity than what it started with.
The coatings’ linear representation of the viscosity vs decreasing shear rate actually
seems to slope slightly upward, indicating the coatings’ viscosities actually began to
increase with decreasing shear. Additional surfactant could cause temporary
rearrangement of coating particles, causing increased viscosity. It gives the models
an irregular shape for a typical curtain coating, which could also signify that the
coatings’ increased surfactant is incompatible with one or more ingredients in the
formulation. To trial the coating in production may not be advised.
Stress Sweep and Steady State Flow
Figure 42 summarizes the stress sweep results for the 3 coatings: control, 0.6
parts (double) surfactant, and 0.9 parts (triple) surfactant.

G' and G''
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0.3 parts surfactant (Control)
G'
0.3 parts surfactant (Control)
G''

10

0.6 parts surfactant G'
0.6 parts surfactant G''

1
1.00E-02

0.9 parts surfactant G'
1.00E-01

1.00E+00

1.00E+01
0.9 parts surfactant G''

Osc. Stress (Pa)

Figure 42. Summary of Rheology Stress Sweep of Coatings with Different Surfactant Levels

The storage modulus (G’) of the all samples is greater than their loss (G’’)
modulus, which indicates that the coatings are viscoelastic in nature. All the coating
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samples have almost the same linear region, which is around 0.01 to 1 Pa., which
represents a maintained, or stable coating structure; The data are not reliable where
G’ and G” curves start to drop, which indicates that the material structure has
broken, and can no longer recover. All of the coatings are very similar in their G’
(elastic response) and G’’ (viscous response), and have almost identical critical
stress yield points, where the G’ decreases to a point below G’’; this occurs at the
oscillatory stress of 3.162 Pa for all the coatings.
The steady rate flow of all three coatings is compared in Figure 43:
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Figure 43. Steady State Flow of Surfactant Levels

The plotted viscosities vs shear rates reveal almost identical steady state
flows for all three coatings. The model that best fits the coatings’ graphs is the
“Cross” model, just like the last starch trial. As previously described, the cross model
depicts a fluid that is non-Newtonian in nature, but Newtonian-like at very low and
infinite shear rates, with a generalized Newtonian equation to define the cross fluid.
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With both stress sweep and steady rate flow rheology tests revealing similar
rheological properties/behavior, the addition of surfactant doesn’t seem to change
the viscoelastic properties of the coating, nor does it affect the way the coatings’
viscosities respond to lower shear rates. Though, through the previous high shear
test, it is known that the coatings are obviously not completely similar, proving the
importance of testing at various shear rates to fully understand and characterize a
coating.

CHAPTER IX
CONCLUSIONS

•

It was confirmed that lower caliper (14-18pt) boards may have had higher
large pit counts, but an overall less pitted area, which confirms that air
permeability ("porosity" of the sheet) affects pitting behavior.

•

The roughness of the base sheet might be adding to the overall pitting issue.

•

The addition of starch to coating showed beneficial effects on decreased
pitting area and size of pits. It was found that the pitted area decreased with
increased caliper of the board. However, addition of starch paired with a
decrease in the thickener addition and decreased the viscosity of curtain
coating- this did not seem to have a negative effect on the pitting results, with
similar results to the initial trial. The viscosity was still around/above the
300cP range.
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•

Water retention levels of coatings seem to correlate to lower pitting - as the
coating holds in more water, there is most likely less air passing through the
sheet, which may be a mechanism for pits formation.

•

Viscoelasticity also seems to correlate with less pitting on the sheet. The
coating’s ability to heal is important in deterring the occurrence of large
craters.

•

Surface tension of the coating promoted increased wetting capabilities, but
this did not affect pitting. The tendency to wet the substrate more quickly
may have an adverse affect on the healing properties of the coating,
diminishing the time the coating has to recover.

•

A more porous coating may help to allow more water and air to dive into the
sheet instead of outward. This can also have negative effects such as binder
migration or increased binder demands.

•

More experimentation and testing is needed to fully understand and fix the
issue.
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APPENDIX
Initial Starch Trial
Table 41. Starch Trial- Pre-Trial Data
Time Stamp

11:17:00 AM

11:52:00 AM

12:27:00 PM

1:02:00 PM

1:36:42 PM

Description

Pre-trial

Pre-trial

Pre-trial

Pre-trial

Pre-trial

DF TOP CT WT (lb)

1.60

1.60

1.60

1.60

1.60

DF BASE CT WT (lb)

1.40

1.20

1.46

1.71

1.82

BAR CT WT (lb)

1.27

1.21

1.35

1.33

1.33

Pit Count

6

6

7

7

8

% Area Pitted

3.6

3.9

4.1

3.9

5.8

Number of Pits

4961

4329

6453

5011

7081

Brightness (%)

81.0

78.7

Sheffield (SU)

101.0

117.0

105.0

103.0

127.0

Parker Print (microns)

3.4

3.4

3.1

3.2

3.2

*SU is “Sheffield Units”
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Time Stamp
Description
DF TOP CT WT (lb)
DF BASE CT WT
(lb)
BAR CT WT (lb)
Pit Count
% Area Pitted
Number of Pits
Brightness (%)
Sheffield (SU)
Parker Print
(microns)

Table 42. Starch Trial- Trial Data
2:11:31 PM 2:46:09 PM
3:20:54 PM
Starch in
Starch in
Base
Base
Transition
No Starch in No Starch in
Top
Top
1.65
1.60
1.60

3:55:21 PM
Starch in
Base
Starch in Top
Transition
1.60

4:29:52 PM
Starch in
Base
Starch in Top
1.60

1.90

1.90

1.69

1.52

1.40

1.31
8
3.5
4099

1.31
4
2
2901

1.42
4
1.9
2555

1.30
4
2.9
3001

126.7

1.36
5
3.6
3300
80.1
141.3

116.7

98.7

116.7

3.5

3.0

3.2

3.1

3.4

Increased Surfactant Trial
TU Time
Sample Description
BAR CT WT (lb)
DF BASE CT WT (lb)
DF TOP CT WT (lb)
DF BASE SOLIDS (%)
DF TOP SOLIDS (%)
Pit Count
% Area Pitted
Number of pits
Brightness (%)
Sheffield (SU)
Parker Print (microns)

Table 43. Surfactant Pre-Trial Data
5:25:00
5:56:00
6:27:00
Pre-Trial
Pre-Trial
Pre-Trial
1.50
1.40
1.60
54.00
56.00
4
2.3
5047
80.2
145.0
2.37

6:58:00
Pre-Trial

7:29:00
Pre-Trial
1.78
1.20
1.60
54.10
56.60
4
0.8
2196
80.1
161.0
2.83

1.80
1.51
1.60
54.00
56.00
4
1.2
2672

1.88
1.40
1.60
54.00
56.00
4
0.7
1625

1.93
1.2
1.6
54.00
56.00
4
0.7
1549

144.0
2.74

144.0
2.75

152
3.12
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8:30:0
0

TU Time

Table 44. Surfactant Trial Data
9:03:0 9:35:0
10:06:0
0
0
0

Sample Description

10:38:0
0

11:09:0
0

11:41:0
0

1.53
1.20
1.60
54.50
56.50
4
0.9
1939

3.02

1.51
1.20
1.60
54.50
56.50
4
1.4
2905
80.1
164.0
3.1
1

Increased Surfactant Levels

BAR CT WT (lb)
DF BASE CT WT (lb)
DF TOP CT WT (lb)
DF Base Solids (%)
DF Top Solids (%)
Pit Count
% Area Pitted
Number of pits
Brightness (%)
Sheffield (SU)
Parker Print
(microns)

1.58
1.20
1.60
54.10
56.60
4
1.2
2321
80.1
147.0

1.53
1.2
1.6
54.1
56.6
4
1.6
3209

1.48
1.20
1.60
54.50
56.50
4
0.9
2101

163

1.51
1.20
1.60
54.30
56.50
4
1.0
2144
80.4
155.0

157.0

1.41
1.20
1.60
54.50
56.50
4
1.4
2950
80.1
163.0

2.68

2.80

3.08

2.94

3.21

155.0

Table 45. Surfactant Transition off/Post Trial Data
TU Time

12:44:00

13:15:00

13:45:00

14:16:00

14:46:00

BAR CT WT (lb)

12:13:00
Transition
off
1.57

1.51

1.61

1.53

1.64

1.48

DF BASE CT WT (lb)

1.20

1.20

1.50

1.80

1.80

1.80

DF TOP CT WT (lb)

1.60

1.60

1.62

1.80

1.80

1.80

DF Base Solids (%)

54.50

54.50

54.50

54.50

54.50

54.50

DF Top Solids (%)

56.50

56.50

56.50

56.50

56.50

56.50

Pit Count

5

5

6

5

5

4

% Area Pitted

1.5

1.8

2.5

1.7

1.3

1.5

Number of pits

2621

2791

3598

2490

2060

2310

Sample Description

Brightness (%)
Sheffield (SU)
Parker Print (microns)

79.8
171.0
2.91

169.0
2.87
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79.4
151.0

193.0

185.0

162.0

3.19

2.66

2.87

2.95

